A lthough coronary angioplasty is a widely used treatment for obstructive coronary artery lesions, the success of the procedure has been limited by a high incidence of restenosis. A recent study estimated the incidence of physiologically significant restenosis to be 32% after standard balloon angioplasty and 18% after intracoronary stenting. 1 Although numerous experimental approaches for preventing restenosis have been tested with varying degrees of success, none have been shown to offer long-term effectiveness.
Proliferation and migration of vascular smooth muscle cells (VSMCs) to form a neointima within the vascular lumen is a major component of coronary artery restenosis. 2, 3 Although VSMCs are normally quiescent, injury due to angioplasty may cause them to enter into the cell cycle and proliferate. One of the factors necessary for cell proliferation is iron. We have reported that a novel iron chelator, desferriexochelin 772SM (D-EXO), reversibly arrests the growth of cultured VSMCs without toxicity. 4 D-EXO specifically prevents progression at 2 points in the cell cycle: from G 1 to S phases and from S to G 2 M phases. 4 Because of this unusual dual action of D-EXO at separate points in the cell cycle, we postulated that this agent might be effective as a treatment for preventing restenosis.
To assess this possibility, we studied intramural catheter administration of D-EXO in a porcine model of coronary artery restenosis. Using an investigator-blinded, randomized treatment protocol, we observed the effect of D-EXO on growth of neointima 1 month after balloon injury.
Methods

Reagents
Synthetic D-EXO, Ͼ98% pure and Ͻ2% iron-saturated, was provided in powder form (Keystone Biomedical, Inc). Immediately before use, the D-EXO was dissolved at a concentration of 0.83 mg/mL in 0.09% saline by brief heating to 75°C.
Animal Preparation
The experiments were performed according to the guidelines of the National Institutes of Health Guide for Care and Use of Laboratory Animals. The University of Colorado Health Sciences Center and Colorado State University Animal Research Committees approved the experimental protocol. Thirty-eight juvenile, domestic swine, weighing 16 to 35 kg, were used.
The night before the procedure, each pig received aspirin 325 mg orally. The pigs were anesthetized with acetylpromazine (5 mg/kg IM) and ketamine (35 mg/kg IM), intubated, and mechanically ventilated with isoflurane (1% to 2%) and oxygen. Reflexes and ECG and ventilatory status were continuously monitored. After a surgical cutdown, the right or left femoral artery was cannulated. The pigs were then given heparin intra-arterially (150 U/kg every hour), bretylium (5 mg/kg every hour), and cefazolin (1 g bolus). To maximally dilate the vessel and avoid spasm, nitroglycerin (200 g) was injected into the lumen of the left coronary artery. Coronary arteriography was then performed by injection of Hypaque 76%, with images recorded in the 45°left anterior oblique and 30°right anterior oblique views. An angiographic landmark in the left anterior descending or left circumflex coronary artery, near an obtuse marginal or diagonal branch, was selected as the site for injury. With the catheter diameter used as a standard, vessel diameter was estimated at this site, and an appropriate balloon angioplasty catheter, oversized by Ϸ0.5 mm, was inserted. 5 Either Cordis Predator or Avenger angioplasty balloons, each 20 mm long, were used. Balloons were inflated 3 times for 30 seconds, with inflations separated by 2 minutes of reperfusion time.
The Infiltrator catheter for intramural injection is a triple-lumen balloon catheter in which a drug delivery port is connected to injection needles on the surface of the balloon. 6 When the balloon is deflated, the needles are not in contact with the vessel wall. When the balloon is inflated, however, the injection needles penetrate the internal elastic lamina (IEL) and permit injection of drug into the media. The catheter diameter sizes used (2.5, 3.0, or 3.5 mm) were selected to match the vessel diameter at the injury site. In previous studies, injections with this catheter in normal pig coronary arteries caused minimal or no disruption of the IEL or media, minimal or no smooth muscle proliferation, and no luminal encroachment. 6 The catheter has been used in human subjects with coronary artery disease. 7 The Infiltrator catheter balloon was inflated to 2 atm pressure, and an intramural injection of 0.6 mL (0.5 mg) of D-EXO (drug group) or an equal volume of 0.09% saline (control group) was administered. Treatments were randomized, and the investigators were blinded as to treatment. The first 18 pigs were injected once in the center of the injured region. It was subsequently recognized, however, that the injured coronary artery segments were 20 mm long and the region receiving the injection only 15 mm long. Therefore, in all subsequent pigs, 2 injections of 0.5 mg were made in adjacent, but not overlapping, sites. After the injections, repeat angiography was performed, the guiding catheter and sheath were removed, the femoral artery was repaired, and the wound was closed. Nitroglycerin paste was applied topically. Analgesics were administered orally as needed. The pigs were fed a normal chow diet and received 325 mg/d aspirin PO.
Euthanasia and Perfusion Fixation of the Heart
At 32Ϯ3 days after the procedure, the pigs were anesthetized, heparinized, and subjected to repeat coronary angiography. A lethal dose of barbiturate and potassium was administered, after which the heart was rapidly excised. The coronary arteries were perfusionfixed with buffered 10% formaldehyde for 15 minutes at 110 mm Hg driving pressure. The hearts were stored in formaldehyde until coronary segments were removed for histological analysis.
Histology and Morphometry
The target regions of the coronary arteries were identified with the help of the angiographic images. The injured segment was crosssectioned at 3-mm intervals and submitted in toto for histological evaluation. Cross sections (4 m thick) were cut every 200 m and stained with Verhoeff-van Gieson's elastin stain. The presence or absence of IEL and external elastic lamina disruption, neointima formation, medial dissection, intraluminal thrombus, intramural hemorrhage, and inflammatory cell infiltrate was noted. Pigs with an intact IEL or occlusive thrombus were excluded from analysis. The section with the most severe luminal narrowing was selected for morphometric quantification. An ordinal injury score, modified from that of Schwartz et al, 8 was assigned (Table 1) .
Before performance of the data analysis, it was decided to exclude results in pigs that either had no evidence of IEL disruption (injury score 0) or pigs that had an organized luminal clot. All other pigs that completed the protocol were analyzed.
By use of a planimetry program (Image-Pro Plus), the borders of the external elastic lamina, IEL, and vessel lumen were traced on a digitizing board. The neointima area of each section was determined by subtracting the area within the residual lumen from the area within the IEL. Neointima thickness was the maximum thickness of the neointima measured from the adjacent IEL. The morphometric parameters were assessed separately by 2 authors (T.J.B. and E.A.R.); both were blinded as to treatment group. Interobserver variability was Ͻ5%.
Data Analysis and Statistics
Maximal neointima thickness was measured directly. Because for the same degree of stenosis, more neointima formation would be expected in larger arteries than in smaller arteries, "normalized neointima thickness" was also obtained by dividing the measured thickness by the area within the IEL. "Stenosis index" was defined as the neointima area divided by the area within the IEL. 8 The outcome variables analyzed were neointima thickness (mm), normalized neointima thickness (1/mm), and stenosis index (a unitless proportion ranging from 0 to 1).
Neointima thickness, normalized neointima thickness, and stenosis index were plotted as a function of the injury score to adjust for any differences in degree of injury between control and drug groups. The slopes of linear regression lines for each group, forced through the origin, were compared. Mean values of thickness, normalized thickness, and stenosis index, adjusted for injury score, in the control and drug groups were compared by t test. These adjusted means were calculated by ANCOVA for each outcome variable, with injury score as a covariate. 9, 10 The probability values calculated from comparison of regression slopes and from comparison of adjusted means are necessarily equal. Data are expressed as meanϮSEM. A 2-sided value of PϽ0.05 was considered to be statistically significant.
Results
As noted above, the investigators performing either the animal procedures or the postmortem data analysis were unaware of whether a pig received D-EXO or vehicle. There were 6 "periprocedural" deaths the day of the procedure and 4 late deaths that occurred 1 to 3 days after the procedure. Four of the periprocedural deaths were due to ventricular fibrillation during balloon injury, and 2 were due to inadequate oxygenation. Three of the pigs that died in the periprocedural period had not received an intramural injection, 1 had received vehicle, and 2 had received D-EXO. In the late death group, 2 pigs had received vehicle and 2 had received D-EXO. In all 4 late deaths, pneumonitis and pericardial thickening were observed at necropsy.
Of the 28 pigs that completed the protocol, 4 were excluded from analysis because of failure to meet preset criteria: 3 because no IEL disruption occurred (1 control and 2 drug groups) and 1 because a total occlusion with organized clot was present (drug group). When the IEL remains intact 
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after a procedure, there is usually little or no neointimal formation regardless of whether a treatment is applied. When an organized clot is present, the pathophysiology of the neointimal response to injury is altered. Because either of these circumstances makes interpretation of responses to a treatment difficult, these 4 pigs were excluded to avoid bias. The remaining 24 pigs were analyzed. The individual data are shown in Table 2 . The 10 control pigs received vehicle only and had injury scores of 0.5 to 3.0 (mean 1.9Ϯ0.2). The 14 drug pigs had injury scores of 1.5 to 3.0 (mean 2.4Ϯ0.2). The trend toward lower injury scores in the control group was not statistically significant. Pretreatment lumen size was estimated as the area circumscribed by the IEL. Although it is impossible to exclude some overestimation of lumen size in some pigs because of remodeling, there was no statistically significant difference between the control and drug groups. In addition, we calculated the ratio of the cross-sectional area of the balloon used in each pig to the lumen size circumscribed by the IEL. The ratios were 3.85Ϯ0.47 for the control group (nϭ9) and 4.26Ϯ0.44 for the treated group (nϭ14) (Pϭ0.63). Figure 1 shows coronary artery sections from 2 pigs with similar injury scores: 1 control and 1 treated with drug.
Plots of individual values for neointima thickness, normalized neointima thickness, and stenosis index, each as a function of injury score, are shown in Figure 2 . Least-squares linear approximations were calculated separately for control and drug-treated pigs for each parameter. Within the control group, r values for the correlation coefficient when the intercept was forced through zero were 0.96, 0.95, and 0.96 for neointima thickness, normalized neointima thickness, and stenosis index, respectively. Corresponding r values in the drug group were 0.81, 0.89, and 0.86. There were statistically significant reductions in the slopes of the linear regression lines in the drug group relative to the control group: Pϭ0.03 for neointima thickness, Pϭ0.001 for normalized neointima thickness, and Pϭ0.004 for stenosis index.
Mean values of neointima thickness, normalized neointima thickness, and stenosis index, adjusted for injury score, are shown in Figure 3 . Each adjusted mean is evaluated at the overall mean injury score of 2.15. Because of nonsignificant between-group differences in injury score, this adjustment slightly increases the mean for the control group and decreases the mean for the drug group.
The measured neointima thickness was 0.58Ϯ0.11 in the control group and 0.44Ϯ0.10 in the drug group (Pϭ0.03). The normalized neointima thickness was 0.29Ϯ0.03 in the control group and 0.15Ϯ0.02 in the drug group (Pϭ0.001). The stenosis index was 0.49Ϯ0.06 in the control group and Normalized neointima thickness was obtained by dividing the measured neointima thickness by the area circumscribed by the IEL. Stenosis index was the neointima area divided by the area circumscribed by the IEL. 0.26Ϯ0.06 in the drug group (Pϭ0.004). Therefore, treatment with D-EXO reduced neointima thickness by 24%, normalized neointima thickness by 48%, and stenosis index by 47%.
Some pigs received 1 injection and some 2, as described in the Methods. Further ANCOVA was performed with "number of injections" as a covariate. For normalized neointima thickness and stenosis index, there were no significant differences between 1 and 2 injections. For unnormalized neointima thickness, there was a marginally significant (Pϭ0.04) change in this variable, with a coefficient of Ϫ0.20. On the basis of this coefficient, after control for group and injury score, the mean neointima thickness was 0.20 mm less for pigs with a single injection. This difference in measured neointima thickness, which applied to both control and drug groups, had no effect on the analysis of drug treatment effect.
There was a borderline difference in distribution of injury scores between the 2 treatment groups (Pϭ0.06) due to low injury scores in 2 pigs (0.5 and 1.0) in the control group but no pigs with these injury scores in the drug group. To assess whether this difference influenced the conclusions, the data were reanalyzed without these 2 pigs, including all 14 pigs in the drug group and the remaining 8 pigs in the control group. There were again significant differences between the control and drug groups in neointima thickness (PϽ0.03), normalized neointima thickness (PϽ0.002), and stenosis index (PϽ0.004). We concluded that the 2 pigs with very low injury scores did not alter the results.
Discussion
Various methods to prevent coronary artery restenosis have been proposed. Insertion of genetic material, such as antisense oligodeoxynucleotides, has been investigated in animal models. 11 Clinical studies with ACE inhibitors, calcium blockers, colchicine, or HMG-CoA reductase inhibitors have been unsuccessful. [12] [13] [14] Coronary irradiation resulted in early reductions in restenosis rates in recent clinical trials, but long-term outcomes are unknown. 15, 16 Because cell proliferation is iron-dependent, 4 iron chelation is a potential means of preventing restenosis. One mechanism by which this may occur is through interruption of iron-mediated redox processes during the early inflammatory response to vascular injury. Reactive oxygen species released as a result of vascular injury can stimulate release of growth factors that induce quiescent VSMCs to transform into a synthetic phase. 17 Treatment before angioplasty with probucol, an antioxidant that inhibits lipid peroxidation, has reduced restenosis in an animal model 18 and in a human clinical study. 19 By blocking iron-requiring oxidant reactions, 4 iron chelators may have a similar effect. In addition, iron chelators inhibit an iron-requiring enzyme, ribonucleotide reductase, that is essential to replication of deoxyribonucleic acid. 20 Exochelins, siderophores secreted by Mycobacterium tuberculosis, 21 are high-affinity iron chelators soluble in both lipid and water. The water solubility facilitates administration in standard solutions, whereas the lipid solubility facilitates rapid entry of exochelins into cells. 22 In the iron-free, or "desferri-," form, exochelins block iron-mediated redox reactions. 22 We have demonstrated that D-EXO reversibly arrests the growth of human VSMCs in cell culture by blocking progression of VSMCs from G 0 /G 1 (quiescence) to S phase (DNA replication) and from S to G 2 /M phase (cell division). 4 By interfering with more than 1 cell-cycleregulatory pathway, D-EXO may inhibit cell growth more effectively than a strategy that targets individual cell cycle proteins. Because this agent has dual cell-cycle effects that reversibly block the growth of VSMCs in vitro without apparent cytotoxicity and can rapidly enter cells, we tested the ability of D-EXO to prevent restenosis in an animal model. Accordingly, we tested the effect of intramural injection of D-EXO on overstretch balloon-induced coronary artery injury in pigs. The administration of vehicle or D-EXO was randomized and investigator-blinded both at the time of treatment and during the postmortem analysis. To correct for variability in degree of injury, we stratified measurements of neointima growth by use of an injury score. In view of the linear relationships between injury score and the measurements of neointima size in the control animals in Figure 2 , it appears that degree of injury is a powerful independent determinate of the degree of neointimal proliferation. Others have also presented evidence to support this approach. 8,10 Our observation that intramural administration of D-EXO immediately after vascular injury inhibits restenosis underscores the importance of early events in the initiation of the restenosis process. After balloon catheter vascular injury, platelets adhere to the vascular wall and release proteins within 30 minutes. 23 Previously quiescent cells move rapidly into the mitotic cell cycle during the first day after injury, but cell cycle progression declines by 48 hours. 24 External radiation the first day after injury is more effective than treatment the second day, 25 an observation that is consistent with the hypothesis that events during the early hours are the primary determinants of whether physiologically significant restenosis ensues.
Because most of the critical steps in activation of VSMC proliferation are in the early hours after injury, inactivation of iron-mediated processes by D-EXO during the major vulnerable period for triggering restenosis presumably occurred. Treatment with D-EXO, however, did not entirely prevent neointima formation. This incomplete effect may have reflected clearance of D-EXO before the critical period for triggering restenosis had elapsed entirely. Alternatively, the amount of drug delivered to the injured vascular wall may have been insufficient to bind all the critical iron sites. The small delivery volume of the infiltrator catheter limited the quantity of D-EXO that could be injected.
Treatment with D-EXO approximately halved the stenosis index. Although differences in protocols prohibit direct comparisons, this degree of inhibition of the restenosis process appears to equal or exceed results of most other treatments. It is risky to extrapolate postinjury observations made in normal animal vessels to the more complex atherosclerotic lesions encountered in humans. The efficacy of treatment with D-EXO in this porcine model, however, offers encouragement that this agent may be effective in prevention of clinical restenosis. Because D-EXO reversibly inhibits cultured human VSMC growth without cell injury, 4 toxicity from this agent is less likely to occur than with use of radiation or antisense technology. Either higher dosages of drug or exposure of injured tissue to drug for longer periods of time could enhance the results of treatment with D-EXO to prevent restenosis. Modifications in formulation could increase the concentration of D-EXO in the injectate. Other means of delivery, such as stents coated with D-EXO, may be feasible. 
